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ABSTRACT: The single crystal CVD diamond detector (SDD) was installed in the torus hall 
of the Large Helical Device (LHD) to measure neutrons with high time resolution and neutron 
energy resolution. The LiF foil with 95.62 % of 6Li isotope enrichment pasted on the detector was 
used as the thermal neutron convertor as the energetic ions of 2.0 MeV alpha and 2.7 MeV triton 
particles generated in LiF foil and deposited the energy into SDD.  
SDD were exposed to the neutron field in the torus hall of the LHD during the 2nd campaign 
of the deuterium experiment. The total pulse height in SDD was linearly propotional to the 
neutron yield in a plasma operation in LHD over 4 orders of magnitude. The energetic alpha and 
triton were separately measured by SDD with LiF with the thickness of 1.9 μm, although SDD 
with LiF with the thickness of 350 μm showed a broadened peak due to the large energy loss of 
energetic particles generated in the bulk of LiF. The modeling with MCNP and PHITS codes well 
interpreted the pulse height spectra for SDD with LiF with different thicknesses. The results above 
demonstrated the sufficient time resolution and energy discrimination of SDD used in this work. 
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In the fusion experimental devices using deuterium and/or tritium plasma, the neutron 
detector with high time resolution, measureable for the fast neutron under thermal and epithermal 
neutrons and gamma-ray background environment, and capable a stable operation is desired for 
the diagnostics of fusion plasma where high density and high temperature plasma produces a high 
neutron flux [1-3]. Also, the neutron activation in the components in the torus hall is one of the 
issues from the point of view of safety. The cross-sections of activation reactions between neutron 
and elements in the components largely depend on the neutron energy. Also, radioactive isotopes 
emit radiation such as gamma-ray, thus restricting the maintenance work due to the occupational 
radiation exposure for workers. Therefore, the advanced neutron detector capable of 
discriminatively measuring fast, epithermal, thermal neutrons as well as gamma-ray can 
accelerate physics research and secure radiation safety in the experiment.   
For these requirements, one of the solutions is to adopt the single crystal diamond (s-
diamond). The s-diamond is one of the semiconductor materials. The energy deposited from the 
radiation into s-diamond creates the hole-electron pairs. By the bias voltage applied on each 
surface of s-diamond, the hole-electron pairs oppositely penetrate through the bulk of s-diamond. 
Therefore, one can evaluate the radiation dose as the current which was carried by the hole-
electron motion. The s-diamond detector (SDD) has advantages such as the tolerance for radiation 
dose, the high operation temperature, small size, and fast neutron measurement capability [4]. In 
addition, the pasting of foils consisting of lithium or boron on the s-diamond can provide SDD 
with the ability for the measurement of thermal and epithermal neutrons [5]. The energetic ions 
generated by the nuclear reactions of thermal and epithermal neutrons with lithium and boron 
such as 6Li(n,α)3H and 10B(n,α)7Li reactions, respectively, have large energies around 1 MeV or 
more [6]. Then, the incident energetic ions transfer their energy into s-diamond. Therefore, the 
measurement of thermal and epithermal neutrons can be implemented.  
The Large Helical Device (LHD) is one of the largest superconducting fusion experimental 
devices. The deuterium experiments in LHD began in 2017 to obtain the high-performance 
plasma in helical type fusion device [7-9]. Side by side with physics research, the large volume 
of the LHD and its torus hall can provide a wide range of neutron flux with various neutron 
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Therefore, an SDD was installed into the torus hall of LHD in the 2nd campaign of the 
deuterium experiment. The lithium fluoride (LiF) foil was used as the thermal neutron convertor.  
The signals from SDD were processed into the pulse height spectrum (PHS) to evaluate the 
sensitivity, energy resolution, and time resolution of SDD.   
2. Single crystal CVD diamond detector 
The SDD used in this study was purchased from Cividec instrumentation GmbH. The s-
diamond was fabricated by the chemical vapor deposition (CVD). The size of the s-diamond is 
4.5 mm × 4.5 mm, and the thickness is 140 μm. The contact titanium electrode is pasted on both 
sides of s-diamond. The s-diamond is in housing with the size of 54 mm × 10 mm × 8 mm made 
of polychlorinated biphenyl (PCB). There is a window with the size of 2.5 mmφ in the housing in 
front of one side of the s-diamond to allow the energetic ions to implant into the s-diamond 
directly. The lid of the window is the size of 54 mm × 10 mm × 1 mm. The LiF foil is pasted on 
a surface of the lid. The size of the LiF foil is 4 mmφ, which is sufficiently larger than that of the 
window in the housing. LiF foil was synthesized with the isotope enrichment of 6Li as 95.62 % 
to increase the sensitivity for thermal neutron. In the measurement, a side of the lid with the LiF 
foil faced to the s-diamond through the window in the housing. The distance between the LiF foil 
and the s-diamond is 1 mm. The photograph of the SDD and the lid is shown in Fig. 1. In this 
study, two types of LiF foil with different thicknesses as 1.9 μm and 350 μm were used to evaluate 
the influence of energy loss of energetic ions in the LiF 
foils on the SDD signal.  
In the measurement, SDD was sealed into the ICF-
34 metal flange to restrict the tritium release. Then, bias 
voltage of -120 V was applied to a surface of the SDD 
through the pre-amplifier (HV broadband Amplifier) of 
Cividec instrumentation GmbH. The signal from SDD 
was acquired by fast processing ADC and FPGA. The 
sampling rate of this system was 1 GHz.  
3. Particle transport modeling 
The count rate of energtic ions (alpha and triton) by the SDD depends not only on the neutron 
flux and neutron energy, but also on the transport processes of energetic ions in the LiF foil. 
Therefore, the neutron tranport in the torus hall and the secondary energetic ion transport in the 
SDD mus be calculated. In this study, MCNP6 (General Mote Carlo N-Particle code) was applied 
for the neutron transport calculation in the LHD torus hall [10]. Then, the transport processes of 
energetic ions in SDD, including generation, energy loss in LiF foil, and energy deposition into 
s-diamond, were calculated by PHITS (Particle and Heavy Ion Transport code System) [11].  
The neutron transport model for MCNP6 calculation has been developed for LHD [12]. The 
model includes the torus hall, LHD body, coils, support structure. By using the cell tally in 
MCNP6, the neutron energy spectrum at the position of SDD could be evaluated. 
The transport calculation for energetic ions was conducted by PHITS with using the neutron 
energy spectrum evaluated by MCNP6 calculation. For the calculation in PHITS, the SDD was 
carefully modeled. Then, two plane neutron sources were set from the opposite direction to the 
SDD. The size of the plane neutron source was 4.5 mm × 4.5 mm, which is sufficiently larger 
than that of s-diamond and LiF foil. Neutrons irradiated into the surface normal of the LiF foil 
Figure 1. SDD and the lid pasted with 
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and the s-diamond. These neutron sources have the same neutron energy spectrum evaluated by 
MCNP6 calculation. The event generator mode was applied to precisely evaluate the energy and 
the momentum of energetic ions generated by the nuclear reaction. The averaged count as a 
function of deposited energy into SDD in a single event was estimated by T-deposit tally. For this 
tally, the statistical dispersion on the deposited energy as gaussian distribution was assumed. Also, 
the trigger level was imitated by setting the cut-off energy. In this work, the cut-off energy was 
set at around 300 keV. 
4. Neutron irradiation in the torus hall of LHD 
In LHD, plasma operation with deuterium induces 2H(d,p)3H and 2H(d,n)3He reactions. The 
cross-sections for these reactions are almost the same. The latter reaction produces neutron with 
the energy of 2.45 MeV. The former reaction produces triton. A part of triton generated in the 
plasma subsequently reacts with deuteron with 3H(d,n)4He reaction which emits the 14.1 MeV 
neutron. This reaction is called a triton burn-up reaction, and 0.05-0.4 % of triton induces this 
reaction in a plasma operation [13,14]. Consequently, neutrons originated from 2.45 MeV 
(dominant) and 14.1 MeV (minor) are transported in the torus hall.   
The SDD was installed into the torus hall of LHD. The position of SDD was underneath the 
9.5L port of LHD, and placed near the floor level, corresponding to the distance of 5.5 m from 
the plasma. The signal from the SDD was transffered to the DAQ system in the basement of the 
torus hall. The binary file made from the measurement data was processed by the python numpy 
module. 
The signal from the SDD was obtained in each plasma operation (shot) in LHD. The PHS 
was acqured by the integration of a pulse height of signals. The neutron yield was different in 
each plasma shot, and monitored by the neutron flux monitor (NFM). The SDD with the 1.9 μm-
thick LiF foil was exposed to neutron in the plasma shot number of #147425-#147820. That with 
350 μm-thick LiF foil was placed in the torus hall during the plasma shot number of #147886-
#148459. 
5. Results and discussion 
Fig. 2 shows ten typical signals from SDD with 1.9 μm-thick LiF during deuterium plasma 
shot. The signals were observed within about 10 ns. The shapes of the signal were almost the 
same for SDD with LiF with the thicknesses of 1.9 and 350 μm. The signals can be separated into 



















Figure 2. Typical signal from SDD with 
1.9 μmt LiF  
Figure3. Total pulse height in SDD integrated 
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large pulse and small pulse. In the nuclear reaction of 6Li(n,α)3H, the recoil energies of alpha and 
triton particles are around 2.0 MeV and 2.7 MeV, respectively. Also, these particles recoil in the 
opposite direction of each other. Hence, when either particle injects into s-diamond, another 
particle implants into the lid of SDD. Consequently, the large pulse should correspond to the 
deposition of triton. The small pulse would be caused by alpha particle.  
The total pulse height integrated over a deuterium plasma shot is displayed in Fig. 3 as a 
function of the neutron yield in each plasma shot. The linear relationship between the total pulse 
height and the neutron yield in the wide neutron yield ranging from 1012-1016 n/shot was obtained. 
This result indicates that the counting loss of SDD was quite small in this experimental condition. 
The total pulse height for SDD with 350 μm-thick LiF was almost 3.3 times as large as that with 
LiF with the thickness of 1.9 μm. Compared with thinner LiF foil, the thicker LiF foil can produce 
more energetic ions, even larger energy loss of energetic ions in the foil, resuling in the higher 
count rate in SDD.     
The PHS for SDD with 1.9 μm-thick LiF and 350 μm-thick LiF are shown in Fig. 4. Note 
that the count in perpendicular axis in Fig. 4 is normalized by the neutron yield. A broadend peak 
was found in the case with 350 μm-thick LiF. Besides, in the case with 1.9 μm-thick LiF, two 
peaks at around 0.15 V and 0.26 V were observed. According to Fig. 2, the peak at 0.15 V was 
assigned to alpha particle. The peak at 0.26 V was attributed to triton. Also, the peak areas for 
triton was two times larger than that by alpha particle even though the same number of alpha and 
triton generated in the LiF foil. This difference would be caused by the energy loss efficiency of 
these energetic ions in the LiF foil. 
The PHS estimated by PHITS code in the cases for SDD with 1.9 μm-thick LiF and 350 μm-
thick LiF are shown in Figs. 5 (a) and (b), respectively. Compared with Fig. 4, PHITS code 
sucessfully reproduced the PHS for these two cases observed in the experiment. The peak areas 
in the case with 350 μm-thick LiF was about 3.5 times as large as that in the case with 1.9 μm-
thick LiF foil. This is consistent with the difference in the relation of total pulse height integrated 
over a deuterium plasma shot as a function of the neutron yield in each shot as shown in Fig. 2.  
The peak position of triton in Fig. 5 (a) was located at 2.7 MeV corresponding to the 
primitive recoil energy of triton in 6Li(n,α)3H reaction. However, the peak position for alpha 
particle was around 1.5 MeV, which is lower than the virgin recoil energy of alpha particle 
generated in 6Li(n,α)3H reaction. In addition, in Fig. 5 (b), the dominant contribution on the PHS 
for SDD is from triton. This means that most of alpha particles could not penetrate through the 
LiF foil with the thickness of 350 μm. These results can be caused by the difference in the energy 
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loss efficiency between 2.0 MeV alpha and 2.7 MeV triton in LiF foil. Because of the larger 
positive charge and the mass of alpha particle, the energy loss of alpha particle is larger than that 
of triton. Of course, triton is also influenced by the energy loss process in LiF. Therefore, in Fig. 
5 (b), the peak was broadened due to the wide range of the rest of the energy in triton which 
depends on the depth of LiF where the triton was generated. According to the PHS evaluated by 
PHITS, one can estimate the thermal neutron flux at the position of the SDD in the torus hall of 
LHD. Consequently, the thermal neutron flux of 1.0 × 10-8 n cm-2 s-1 for single neutron source 
was obtained. This value is consistent with our previous research with using activation foil method 
[15].  
The exposure of the SDD with LiF foil to the neutron field in the torus hall of the LHD 
during deuterium experiment showed the sufficient time resolution and energy resolution of SDD 
in the measurement of thermal neutron. However, fast neutrons were hardly detected in this work, 
although the fast neutron detection capability is the typical advantages of SDD. One of the reasons 
of this result should be a low flux of fast neutron capable to induce 12C(n,α)9Be reaction because 
this reaction requires the threshold neutron energy above 7 MeV [6]. Only neutrons generated by 
3H(d,n)4He reaction can overcome this threshold energy although the triton burn-up ratio is small. 
Also, the low cross-section of 12C(n,α)9Be reaction [16], a small size of SDD, and the far distance 
between the SDD and the plasma, are other reasons. The modification of SDD position as well as 
the enlargement of the SDD size are planned for the next deuterium experiment campaign.   
6. Conclusion 
In this study, the single crystal CVD diamond detector (SDD) was installed into the torus 
hall of LHD to measure neutron with high time resolution and neutron energy resolution. The LiF 
foils were affixed to the detector was used as the thermal neutron convertor into the energetic ions 
of alpha and triton particles. A good linearity between the total pulse height in SDD and the 
neutron yield in a plasma operation in LHD were observed. The energetic alpha and triton were 
separately measured by SDD with LiF with the thickness of 1.9 μm, although SDD with LiF with 
the thickness of 350 μm showed a broadened peak. The modeling with MCNP and PHITS codes 
well interpreted the pulse height spectra for SDD with LiF with different thicknesses.  
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